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Abstract 
The use of plasma for super smooth surface polishing is well established in the microelectronic and optical industry. In this paper 
the polishing effects of RF-generated plasma were investigated using a capacitively coupled plasma apparatus. During the 
polishing of silica substrate, a mixture of SF6, O2 and Ar plasma was used. In order to investigate the effects of variant plasma 
parameters on surface roughness and removal rate, several experiments were implemented. During the polishing process the 
plasma was monitored using optical emission spectroscopy (OES) and the plasma temperatures were computed according to the 
spectral lines. This study is helpful for the understanding of the plasma polishing mechanism. 
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1. Introduction 
The use of plasma for super smooth elements machining is well established in the microelectronic and optical 
industry. The addition of some percentage of certain gases, for example, O2, and most notably fluorine-containing 
gases, such as SF6, has been found to significantly improve the machining effect and etching rate[1]. The reasons for 
this are remaining controversial. Several research groups have used variant type of plasma source to study the 
mechanism of the plasma polishing process. It is believed that the addition of oxygen gas to fluorinated plasma can 
increase the concentration of fluorine atoms, which are widely believed to be the major etching species[2]. However, 
data are still scarce and more studies about the plasma polishing are needed. Generally, plasma is characterized by 
parameters such as radiofrequency (rf) input power, pressure, type of the gas and gas flow rate. These parameters 
influence the polishing effect and the removal rate. However, knowledge of these external parameters does not 
provide adequate understanding of the polishing effect. It is necessary to investigate the internal plasma parameters 
using plasma diagnostic methods. 
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Many diagnostic techniques can be used to characterize plasma, such as Langmuir probe, optical emission 
spectroscopy (OES) and mass spectrometry, which have improved the understanding of plasma and plasma 
processes, and they have been used for process monitoring as well. Among these techniques, the optical emission 
spectroscopy is a non-contact diagnostic method and will not influence the polishing process. It can provide 
valuable information about active species distributions in a plasma reactor, and from this information, one can draw 
inferences about plasma uniformity[3]. It is a widely used method to diagnose the plasma parameters. In this paper, 
the argon spectral line is analyzed during the plasma polishing. The relationship among emission spectrum, 
technological parameters, polishing effect and removal rate are investigated so as to understand the mechanism of 
plasma polishing better. 
In earlier study of our research group, the experimental apparatus of plasma polishing was built. The performance 
of the apparatus was tested and calibrated. Capacitively coupled radiofrequency plasma sources were manufactured 
and the one with best performance was chosen[4]. Several fundamental technological parameters were determined.  
2. Experimental 
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FIG.1.Schematic of the polishing system 
The schematic of the home made polishing system is shown in Fig.1. The input power ranging from 0W to 200W 
was delivered at frequency of 100MHz for the capacitively coupled plasma source via a matching network. The 
silica substrate was polished using this system under variant parameters, such as rf input power, gas source, gas flow 
rate and polishing time. The total flow rate for all cases was set at 200sccm to keep the pressure of the system 
constant. Before gases were admitted, the chamber was evacuated to a base pressure of better than 10-4Torr using the 
oil diffusion pump with cold trap. The gases were then admitted to the chamber via a mass flow meter so the gas 
flow rate can be regulated accurately. A proper rf input power was applied to the plasma source and the plasma was 
generated and then the polishing process began. 
An AvaSpec-2048-USB2 charge coupled device spectrometer was used to monitor the light emitted from the 
plasma in the wavelength from 200nm to 1100nm. The plasma emissions were collected for varying parameters 
using an optical fiber placed about 1cm in front of the glass viewport of the chamber. The fiber was connected to the 
spectrometer through a 50ȝm entrance slit and data were acquired using the Avantesƍ software installed in a 
computer.  
The silica substrate used in this study should be pretreated to make an annular mask. Photoresist was used to 
form a round mask in the center of the substrate. Then the MgO film was deposited on the substrate by thermal 
evaporation. After cleaning the photoresist, the annular MgO film mask was obtained. From our former studies it 
was found that the MgO film could hardly be etched during plasma polishing process and so it could be used as the 
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mask of the silica substrate. The roughness and the step height of the mask can be measured using Taylor Hobson 
CCI 2000 surface profiler. Then the polishing effect and removal rate can be calculated accordingly. Schematic 
diagram of the mask preparing process is given as follows. 
 
FIG.2. Schematic diagram of substrate pre-treatment 
3. Experimental results and discussion 
3.1. Polishing effect of Ar plasma 
The aim of this experiment was to determine the emission spectrum of Ar plasma and gain insight into the 
bombardment effect of Ar-atom on the silica substrate. Experiments were carried out at 20mTorr with Ar flow rate 
of 200sccm. Because the plasma can be generated when the rf input power is more than 36W, the rf input power in 
this experiment was changed from 40W to 120W. The polishing time was 15 minutes. Figs.3 (a) and (b) shows the 
polishing effect and removal rate as a function of rf input power. 
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FIG.3. (a) Surface roughness vs. RF power (b) Removal rate vs. RF power 
A discharge of the plasma source in the chamber was initiated when the rf input power was more than 36W and 
light emission from the plasma was observed. Initially the plasma covered only a small area of the electrode and 
often moved around and flickered. With increasing input power, it quickly spread to cover the volume between the 
electrode and the silica substrate. Visually, the discharge appeared uniform and had a white-purplish glow, without 
any sign of filamentation or arcing. The plasma could sustain homogenously and continuously. A further increase of 
rf input power gradually raised the plasma emission and caused a brighter emission. Based on the various 
experiments we find that in this experimental stage the electrode works well when the rf input power changes from 
40W to 160W and in this range it is suitable for plasma polishing. 
The bombardment of the pure Ar-atom may bring damage to the surface or subsurface stratum of the substrate 
and this damage must be avoided during the machining of super smooth optical surface. From the experimental 
results it is concluded that when the flow rate of Ar is constant, the roughness of the silica substrate becomes worse 
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with the increase of the rf input power. When the rf input power is 120W, the bombardment and sputtering effects of 
the Ar plasma severely damage the substrate surface and there is no polishing effect. So a proper rf input power 
should be chosen during the polishing process when Ar is presented.  
3.2. Polishing effect of Ar/SF6 plasma 
According to the experimental results mentioned above, the Ar plasma can be sustained homogenously and 
continuously and the damage caused by Ar-atom bombardment is relatively less when the rf input power is 60W. 
The total flow rate of Ar and SF6 was kept 200sccm. The rf input power was 60W and the polishing time was 15 
minutes. The pressure during polishing process was 20mTorr. Figs.4 (a) and (b) shows the polishing effect and 
removal rate as a function of the proportion of Ar and SF6.  
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FIG.4. (a) Surface roughness vs. flow rate of Ar/SF6 
(b) Removal rate vs. flow rate of Ar/SF6 
Based on the experimental results it is concluded that the addition of SF6 decreases the bombardment effect of 
Ar-atom and makes the substrate smoothing. When the flow rates of Ar and SF6 were both 100sccm, the polishing 
effect was good and the removal rate was relatively high. When the flow rate of SF6 was 200sccm, i.e., there was not 
any Ar in the chamber, the plasma could not be generated. The existing of Ar provides an active atmosphere for the 
generation of SF6 plasma. The SF6 plasma is functional as the carrier of chemical reactive radicals which are the key 
elements of the polishing process. The radicals excited in the plasma atmosphere stick to the substrate and react with 
the atoms of the substrate. The product is SiF4 which is volatile and will be drawn out by the vacuum system, so 
there will not bring any contamination to the substrate surface and the profile of the polished substrate is good. The 
reaction between plasma and substrate during the polishing process can be described as follows. 
6 6+ ne SF SF nF eo                                                              (1) 
2 4 24SiO F SiF SO o n                                                           (2) 
The initial silica substrate surface is structured by SiO=SiO aggregate. The radicals of SF6 plasma react with the 
Si of SiO2 and then produce SiF4[5]. The O-atom of SiO2 reacts with the radicals containing S-atom and then 
produces SO2. So the removal rate depends on the formation rate of SiF4 and SO2. 
From this experiment it is found that SF6 is the reactive gas and the plasma containing F-ion can decrease the 
substrate roughness. The working gas Ar should be added to keep the discharge homogenously and continuously. 
3.3. Polishing effect of Ar/SF6/O2 plasma 
The rf input power was 60W, the polishing time was 15 minutes and the pressure during polishing process was 
20mTorr again. The total flow rate of three gases was 200sccm. The flow rate of SF6 was kept at 20sccm and the 
proportion of Ar and O2 was changed. The experimental results are shown as follows. 
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FIG.5. (a) Surface roughness vs. flow rate of Ar/SF6/O2 
 (b) Removal rate vs. flow rate of Ar/SF6/O2 
A proper addition of O2 improved the polishing effect and increased the removal rate. When the flow rate of Ar 
and O2 were both 90sccm, the surface roughness was small and the polishing effect was remarkable. When the flow 
rate of Ar and O2 were 60sccm and 120sccm respectively, the removal rate was relatively high. It is generally agreed 
that the addition of O2 facilitates the combination of ionized O-atom and unsaturated SFx ion which increases the 
density of active F-ion and then increased the removal rate. When the flow rate of O2 is at a proper number, the F-
ion and O-ion both react with the SiO=SiO aggregate of the substrate surface and so the surface roughness decreases. 
Meanwhile, the argon species can directly influence the dissociation process. It is documented that argon 
metastables have significant interaction with oxygen molecules through resonant energy transfer named Penning 
dissociation[6]. The energy level of Ar metastables is almost the same with a number of absorption bands of oxygen 
molecules and will allow for a nearly resonant transfer of energy for the following process: 
*
2 2mAr O Ar O o                                                                       (3) 
From this process the argon metastable Arm is quenched and an excited state oxygen molecule O2* is created. The 
excited state oxygen molecule can then dissociate to form two neutral oxygen atoms as follows which increases the 
O density. When the flow rate of O2 is at a proper number, the F-ion and O-ion both react with the SiO=SiO 
aggregate of the substrate surface and so the surface roughness decreases. So O2 is functional as assistant gas during 
the polishing process. According to the works by Jaeyoung Park and Henins, etc, plasma reaction with materials is 
driven mostly by neutral radicals and ion bombardment of plasma facing components is not significant during 
plasma polishing[7]. As a result, damage to treated substrate by sputtering or bombardment effects will be a 
nonissue and high removal rate and good polishing effect can be obtained for plasma polishing as the surface 
reaction is mostly chemically driven. The measurement results when the flow rate of Ar and O2 were both 90sccm 
are given as follows.  
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FIG.6. image of substrate surface (a) initial (b) polished 
3.4. Optical emission spectroscopy 
A goal of this work is to use optical emission spectroscopy to gain information on internal parameters of the 
generated plasma. In general, atoms of A in plasma are mainly formed by electron impact dissociation. Optical 
emission resulting from the decay of atomic species excited by electron impact from the ground state molecule or 
atom is produced via two processes, direct excitation  
*A e A e  o  ,                                                                               (4) 
and dissociative excitation 
*
2A e A A e
  o   ,                                                                           (5) 
where A* is the excited state species that results in optical emission. An example spectrum of optical emission from 
the experimental apparatus is given as follows. Feed gas compositions were 90sccm Ar, 20sccm SF6 and 90sccm O2. 
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FIG.6. Example spectrum of optical emission 
Due to the limitation of the spectrometer resolution, only Ar spectral lines can be diagnosed. According to the 
atomic emission theory[8], the plasma temperature is related with the ratio between two atomic spectral lines. The 
relation can be described as  
2 1
1 1 1 2
2 2 2 1
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ln ln
E ET
k I A g
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© ¹ © ¹
,                                                            (6) 
where I1 and I2 are the intensity of the two spectral lines. Ȝ1 and Ȝ2 are wavelength of two atomic spectral lines. A1 
and A2 are the transition probability. g1 and g2 are the statistic weights of the excited states. E1 and E2 are the energy 
of excited states. k is the Boltzmann constant. T is the excited temperature. From our experimental results the 
intensity of spectral lines can be obtained. Other spectroscopic parameters can be found from NIST atomic spectra 
database. We choose the 750.4nm and 763.5nm argon spectral lines because they are remarkable and will not be 
influenced by the consecutive spectral lines. 
TAB.1. Spectroscopic parameters of the Ar lines 
Spectral line wavelength/nm Transition probability 
/h107s-1 
Statistic 
weight 
Energy of excited 
state/eV 
Ar I 750.4 4.45 3 11.86 
Ar I 763.5 2.45 5 11.58 
The plasma temperature of experiments above is shown as follows. 
Because the pure SF6 plasma can not be generated in our system, the plasma temperature of it is not calculated. 
This experiment can provide an effective method for diagnosing transient plasma. If the spectrometer resolution is 
high enough, the oxygen, fluorine and sulfur spectral lines can be obtained. Then using the same atomic emission 
theory the electron density and other internal plasma parameters can be calculated. It makes great sense for the 
further understanding of the mechanism during plasma polishing process. 
 
 Yilong Wu et al. /  Physics Procedia  32 ( 2012 )  590 – 597 597
40 60 80 100 120
0
5000
10000
15000
20000
25000
30000 Plasma Temperature
P
la
sm
a 
T
em
pe
ra
tu
re
 (
K
)
RF Power (W)
40 60 80 100 120 140 160 180 200 220
3400
3600
3800
4000
4200
4400
4600
4800
5000
5200
P
la
sm
a 
T
em
pe
ra
tu
re
 (
K
)
Ar Flow Rate (sccm)
Plasma TemperatureTotal Flow Rate: 200sccm
  
(a)                                                                                           (b) 
FIG.7. (a) Plasma temperature vs. RF power of Ar plasma 
 (b) Plasma temperature vs. flow rate of Ar/SF6 plasma 
4. Conclusion 
In this work, several experiments were carried out on the home made plasma polishing experimental apparatus. 
The relations between the substrate surface roughness and variant process parameters, such as rf input power, type 
of the gas and gas flow rate, were discussed. It has been shown that with the increase of the rf input power, the 
removal rate is increased, but the bombardment and sputtering effects of the Ar-atom influence the polishing effect 
as well, so that the surface roughness increases. The addition of SF6 into the Ar plasma reduces the bombardment 
effect of the Ar-atom and makes the substrate smoothing. A proper addition of O2 into the Ar/SF6 plasma improves 
the polishing effect and the removal rate is relatively high. The optical emission spectroscopy is used to gain 
information on internal parameters of the generated plasma and the plasma temperature is calculated. Further studies 
on the correlation between the OES and the polishing effects of the plasma will be helpful to reveal the mechanisms 
of the plasma polishing. 
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